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ABSTRACT
Shock E fects on Electronic Components Within a Projectile
by
Krishna J V Kuncham
Dr. Mohamed B. Trabia, Examination Committee Chair
Professor and Chairperson of Mechanical Engineering 
University of Nevada, Las Vegas 
and
Dr. Brendan J. O’Toole, Examination Committee Chair 
Associate Professor of Mechanical Engineering 
University of Nevada, Las Vegas
Launching a projectile generates severe shocks, which can result in the 
malfunction of electronic components within the device. The reliability of these 
components is related to the mode shapes, natural frequencies and the dynamic deflection 
of the Printed Circuit Boards. Structural vibration analysis of Printed Circuit Boards and 
their electronic components can be performed using both Finite Element Methods and 
vibration test. This study presents the effect of shock and the structural response of the 
electronic components within the projectile. The results are verified by experimental and 
modal analysis.
Il l
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CHAPTER 1
INTRODUCTION
1.1 Background
The gun can be considered as the first internal combustion engine. The projectile 
is propelled by gases at high pressure that are produced by the explosion of its charge. 
The intention of the gunner is to send the projectile to a predetermined point. The 
development of the guns led to the study of the paths of projectiles, or ballistics. In the 
beginning ballistics was considered as a problem of uniformly accelerated motion. A 
parabolic trajectory was assumed, which is determined by the initial velocity and the 
angle of projection. In reality, this model is not extremely accurate because of the 
influences of the atmosphere on the motion of the projectile.
The sum of all the aerodynamic forces acting on the components of a projectile 
that tend to reduce its forward motion is called drag. The average retarding force acting 
on the projectile F = m (V^ - v^)/2x, where m is the mass of the projectile V and v are the 
velocity values of the projectile at two different positions and x is the distance between 
two points. If the drag as a function of the velocity is known, then the trajectory of the 
projectile can be calculated, at least in principle. We require, therefore a means of 
measuring the velocity of a projectile. A means was devised by Benjamin Robins (1707-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1751), the ballistic pendulum shown in Figure 1.1, around 1742 [1]. The projectile is 
fired into a heavy pendulum, to which it transfers its momentum. From the swing and 
weight of the pendulum, the velocity of the projectile can be found. This type of 
experiment is still performed in any general physics laboratory. Robins measured the 
velocity of the projectile at various distances from the gun, using the same charge each 
time. He showed that the drag was roughly proportional to the square of the velocity. 
Accurate results were impossible due to the lack of reproducibility of the muzzle velocity 
even when the same charge was used.
v(1
Figure 1 The Ballistic Pendulum [1]
Hutton, at Woolwich Arsenal around 1812, suspended the gun as a pendulum 
itself. From its recoil, the muzzle velocity could be determined, so that accurate results 
for the drag as a function of velocity could be obtained. Bashforth, also at Woolwich, 
devised an electrical timer that gave the time at which the projectile passed through each 
in a sequence of screens. From these times, the speed as a function of distance can be 
determined. Around the time of the First World War, wind tunnel measurements began to 
measure the drag directly. These measurements were initially treated as military secrets.
A projectile has an axis of symmetry, and the gun generally projects it so that this 
axis is parallel to the velocity as the projectile leaves the muzzle. This situation does not
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
long remain, however, as a nonrotating projectile tumbles head over heels, greatly 
increasing the drag, and randomly deflecting the projectile to one side or another. 
Therefore, all projectiles were made spherical, the one shape that cannot tumble, which is 
the reason why smoothbore guns fired only spherical bullets. An alternative is to provide 
fins at the back of the projectile to force alignment by aerodynamic forces. It was known 
as early as 1500 that imparting a spin along the axis stabilized a projectile, and prevented 
it from tumbling. This was done by cutting spiral grooves in the barrel, or rifling. These 
grooves became fouled so rapidly that the advantages of rifling were doubtful. In addition, 
the bullet had to fit the barrel tightly, and this was also a drawback, especially when the 
gun was loaded from the muzzle. Although rifled hand weapons were successfully used 
by 1800, their general adoption had to wait for the development of non-fouling smokeless 
powder. The adoption of rifling meant that projectiles could become lengthened, 
achieving a larger projectile for the same diameter of barrel or calibre. The increase to 
supersonic muzzle velocities favoured the sharp-nosed shape with only a slight 
contraction at the tail, the boat-shaped projectile. The nose of a projectile is usually 
ogival, that is, formed by rotating a circular arc tangent to the side of the projectile about 
the axis. The radius is specified in calibres. The nose may be rounded off" by a spherical 
surface, also specified in calibres. When attempts were made to streamline the tail, it was 
found that such bullets tumbled and were useless.
When the gun is considerably elevated, to achieve greater range, or for the 
projectile to drop from above, the curved trajectory means that the axis of a spinning 
projectile cannot remain tangent to the trajectory, and complicated gyroscopic and drag 
effects enter. One of the results is drift [2], the departure of the trajectory from a plane, so
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that the projectile is deviated to right or left. Mortar rounds, which are always used in 
high trajectories, have fins and do not rotate. For the accurate computation of a trajectory, 
the forces on the projectile as a function of yaw angle must be known, and the projectile 
treated as a rotating rigid body. Then, with the drag known, the trajectory can be found 
by numerical integration, beginning with the initial velocity and spin. The problem is not 
only difficult but the calculations are exceedingly tedious also. In fact, they were so 
tedious that they stimulated the creation of digital computers in the 1940's, leading to the 
general-purpose computer, which has now revolutionized technology and life.
1.2 Classification of Projectiles
Development of technology has invented many types of projectiles, which are 
classified in several different ways depending on your needs such as the size of gun, 
assembly configuration, service use or purpose and construction.
1.2.1 Classification by Size of Gun
Gun ammunition is most commonly classified by the size of the gun in which it is 
used. In addition to designations of bore diameter, such as 25-mm, 76-mm, or 5-inch, the 
length of the gun bore in calibers (inches) is also used as a means of classification. Thus a 
5-inch, 54-caliber projectile is one used in a gun having a bore diameter of 5 inches and a 
bore length of 54 times 5 inches, or 270 inches.
1.2.2 Classification by Assembly
The three types of ammunition classified by assembly are shown in Figure 1.2. 
FIXED AMMUNITION — The fixed class applies to ammunition that has the cartridge 
case crimped around the base of the projectile. The primer is assembled in the cartridge 
case. The projectile and the cartridge case, containing the primer and propellant charge.
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all form one unit as a fixed round of ammunition. Gtms through 76-mm use fixed 
ammunition.
SEPARATED AMMUNITION — This class applies to ammunition that consists of two 
imits-the projectile assembly and the cartridge case assembly. The projectile assembly 
consists of the projectile body containing the load, nose fuze, base fuze, and auxiliary 
detonating fuze, as applicable. The cartridge case assembly consists of the cartridge case, 
primer, propellant charge, wad, distance piece, and a plug to close the open end of the 
cartridge case [3]. The projectile and cartridge are rammed into the gun chamber together 
as one piece though they are not physically joined. Separate ammunition has been 
produced in gun sizes of 5-inch, 38-caliber through 8-inch, 55-caliber guns. 
SEPARATE-LOADING (BAGGED GUN) AMMUNITION — This class applies to gun 
sizes 8 inches and larger. Separate-loading ammunition does not contain a cartridge case. 
The propellant charge is loaded in silk bags that are consumed during the combustion of 
the propellant when fired from the gun. The projectile, propellant charge and primer are 
loaded separately. There are currently no naval guns in use that use separate-loading 
ammunition.
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Figure 2 Separated Ammunition and Fixed Ammunition [3]
1.2.3 Classification by Service Use
For economy and safety, gun ammunition is assembled and classified by service 
use, as follows:
Service: Ammunition for use in combat. These projectiles carry explosive, illuminating, 
or chemical payloads.
Target and Training: Ammunition for training exercises. The projectiles are comparable 
in weight and shape to those of service ammunition but are of less expensive construction
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and normally contain no explosive. Variable time, nonfragmenting (VT NONFRAG) 
projectiles are an exception in that they are for training purposes and have a combination 
black powder-pyrotechnic color-burst element.
Dummy or Drill: Any type of ammunition assembled without explosives, or with inert 
material substituted for the explosives, to imitate service ammunition. The ammunition 
may be made of metal or wood. Dummy or drill ammunition is used in training exercises 
or in testing equipment. It is normally identified as dummy cartridges, dummy charges, or 
drill projectiles. Drill projectiles will not be fired from any gun.
1.2.4 Classification by Purpose and Construction
Service projectiles are classified by their tactical purpose as one of the following 
types: penetrating, fragmenting, and special purpose. Since targets differ in design and 
purpose, projectiles must also differ in their construction to make them more effective. If 
you were to cut open, for purposes of inspection, the different types of projectiles listed 
previously (other than small arms), you would find their construction and characteristics 
are common. For example, penetrating projectiles have thick walls and a relatively small 
cavity for explosives, while fragmenting projectiles are thin-walled and have a relatively 
large cavity for explosives. Because of this difference, projectiles may also be classified 
by their construction.
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1.3 Description of a Typical Projectile
Generally gun ammunition consists of a projectile and propelling charge. The 
projectile is a component of ammunition that when fired from a gun carries out the 
tactical purpose of the weapon. While some types of projectiles are one piece and some 
are assemblies of several components, all the projectiles have common external features, 
which are shown in Figure 1.3.
BASE OGIVEBODY
ROTATING BAND BOURRELET
Figure 3 External Features of a Typical Projectile [3]
OGIVE — The ogive is the curved forward portion of a projectile. The curve is 
determined by a complex formula designed to give maximum range and accuracy. The 
shape of the ogive is generally expressed by stating its radius in terms of calibers. It may 
be a combination of several arcs of different radii.
BOURRELET — The bourrelet is a smooth, machined area that acts as a bearing to 
stabilize the projectile during its travel through the gun bore. Some projectiles have only 
one bourrelet forward one or two aft, the after one being located adjacent to and either 
forward and/or aft of the rotating band. Bourrelets are painted to prevent rusting.
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BODY — The body is the main part of the projectile and contains the greatest mass of 
metal. It is made slightly smaller in diameter than the bourrelet and is given only a 
machine finish.
ROTATING BAND — The rotating band is circular and made of commercially pure 
copper, copper alloy, or plastic seated in a scored cut in the after portion of the projectile 
body. In all minor and medium caliber projectiles, rotating bands are made of 
conunercially pure copper or gilding metal that is 90 percent copper and 10 percent zinc. 
Major caliber projectile bands are of cupro nickel alloy containing 2.5 percent nickel or 
nylon with a Micarta insert. As a projectile with a metallic band passes through the bore 
of the gun, a certain amount of copper will be wiped back on the rotating band and will 
form a skirt of copper on the after end of the band as the projectile leaves the muzzle of 
the gun. This process is known as fringing and is prevented by cutting grooves, called 
cannelures, in the band or by undercutting the lip on the after end of the band. These cuts 
provide space for the copper to accumulate. The primary functions of a rotating band are:
• To seal the forward end of the gun chamber against the escape of the propellant 
gas around the projectile,
•  To engage the rifling in the gun bore and impart rotation to the projectile.
• To act as a rear bourrelet on those projectiles that does not have a rear bourrelet.
1.4 Development of Smart Ammunition
During the last twenty years the U.S. Army has been developing “smart artillery” 
munitions. These munitions contain sophisticated embedded electronic systems, frames 
and printed circuit boards that are getting damaged due to the transmission of severe 
shocks and vibrations during launch process of the projectile. In particular when the
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frequency of the random vibration is identical to the natural frequency of the printed 
circuit boards fatigue fracture can occur at the connection of the electronic components 
and the boards. A requirement for many electronic components is survival of the 
mechanical shock caused by the launch process. Mechanical shock is defined as the 
jarring effect of the impact, which is very intense and short lived, which also might be 
described by an acceleration time-history plot. Shock is often confused with frame 
vibration, which results from the initial shock and is a longer, lower frequency oscillation. 
Most research indicates that shock is the major contributor to injuries rather than 
vibration.
Unfortunately the artillery environment is extremely harsh. The munitions must 
operate in temperatures from -60° F to 160° F. The projectiles are subjected to a quasi­
static axial load in excess of 15,000 g’s augmented by a transient load of up to 5000 g’s 
[4]. The projectiles can spin at up to 300 revolutions per second and as the projectile 
travels down the gun barrel, it also is subjected to off-axis loads from impacts with the 
gun tube walls caused by balloting [4]. These electronic components should also be 
upgradeable and replaceable without replacing an entire subsystem of the projectile. 
These challenges present significant problems for the designers who typically resort to 
the use of numerical simulations to provide guidance on these issues. However, the 
complex nature of these structures present a particular difficulty to designers using finite 
element analysis to obtain quick and reliable answers to these questions.
Dynamic responses of the Army’s TOW missile digital Electronic Unit 
microprocessor crystals to vibration loads at launch were predicted using modal 
superposition [5]. Guidance and control commands for both the U.S. Army’s TOW 2A
10
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and TOW 2B missiles are generated by the Digital Electronic Unit (DEU). This device 
consists of a circuit board with a microprocessor chip, which takes commands received 
from the gunner, and produces control functions used to direct the missile to its target. 
Since the card is located between the aft fuselage and launch motor of the missile it is 
subjected to intense vibrational loads when the motor is ignited. During “fly to buy” 
testing several TOW 2B missiles experienced microprocessor failures at launch.
Two types of crystals are used in TOW missiles. The first one contains a quartz 
disk held in place by three vertical ribbons attached to the posts spaced 90° apart. The 
second one contains a quartz disk held in place by four ribbons spaced 90° apart. During 
the investigation it was found that missiles, which failed at, launch conditions were the 
three-post crystal design. In order to understand the cause of joint failure experimental 
and analytical programs were undertaken by the Army Test Command’s (TECOM) 
Redstone Technical Test Center (RTTC) and Army Missile Command’s Research 
(MICOM), Development and Engineering Center (RDEC) to quantify the ability of 
crystals to withstand the launch environment [6, 7]. Finite element models of each device 
were developed by RDEC and used to predict resonant frequencies and mode shapes. The 
natural frequencies from the modal analysis were used to determine frequency bands 
where vibration levels from Shock Response Spectra were considered to be most 
significant.
The electronic equipment installed in all the satellites is box shaped and frames 
inside these satellites support many of the Printed Circuit Boards called as PCB’s. There 
are various types of electronic components above the PCB’s. The agitation of the satellite 
caused by the random vibration during the launch process is transmitted to the PCB’s
11
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electronic components, thereby causing fatigue fracture [8]. In particular when the 
frequency of the random vibration is identical to the natural frequency of the PCB, 
fatigue fracture can occur at the connection of the electronic components and the PCB.
It is generally known that the safety of electronic components is related to their 
natural frequency mode shape and dynamic deflection [9]. Lee and Seung used RDU 
(Remote Drive Unit), which is one of the electronic devices on a satellite as a model to 
validate the relationship between launch condition, dynamic deflection, natural frequency 
and the safety of PCB’s electronic components. Their study modeled PCB using a simple 
1 DOF system and calculated the margin of safety for the electronic components using 
the natural frequency and the dynamic deflection in order to evaluate the safety. Through 
the comparison of the results of the FEM analysis and the natural frequency test, the 
study proved that it is reasonable to include the spacer, electronic component and the lead 
wire in the FE model to find the exact L* natural frequency of the PCB with FEA.
With the recent growth in development of mobile consumer electronics come the 
reliability issues that are associated with the new products and their use environment. 
These mobile products may be subjected to severe environmental conditions during use. 
In particular accidental dropping is believed [10] to contribute substantial damage to 
vulnerable, components in particular liquid crystal display, solder joints and shield 
housing. Research in the area of drop testing has been addressed analytically in several 
papers. Suhir [11, 12] detailed models for replacing drop testing with shock testing and 
the effect of viscous damping on structural elements. Suhir and Burke [13] modeled the 
response of an enclosed simply supported structural element to a shock load. Suhir [14] 
modeled the nonlinear response of a printed wire board supported along its entire contour
12
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and in another paper Suhir [15] showed that dynamic stress should be used in comparing 
dynamic strength of structural elements.
Goyal et al. [16] reviewed the shock response spectrum (SRS) and damage 
boundary methods for product evaluation and design. Goyal and Buratynski [17] 
validated a drop testing technique through high-speed photography and acceleration 
measurements. Lim-and Low [18] examined the drop impact responses of portable 
electronic devices at different impact orientations and drop height through strain 
measurements and high-speed photography. Wu et al [19] validated an explicit finite 
element model of portable communication device through the use of high-speed 
photography, strain and acceleration measurements.
A complete transient simulation of the launch event, including the projectile and 
its components can consist of millions of degrees of freedom and take several weeks to 
execute, even with the use of parallel processing techniques. Post-processing the results 
may require a long time also [4]. The Army Research Laboratory (ARL) is developing 
techniques and methodologies for significantly reducing the run and processing time 
requirements for these simulations.
The techniques that ARL are developing revolve around various forms of 
submodelling and/or global/local approaches. In these approaches, a global model is built 
that lacks substructure details. The substructures in the global model are represented by a 
structure with approximate mass and stiffness parameters. In a separate simulation, the 
loads measured between the global model and the simplified substructures are then 
applied to a detailed model of the substructure. This approach yields a good 
approximation to a comprehensive finite element model for quasistatic conditions.
13
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assuming reasonably accurate mass and stiffness approximations. However, if the 
structure is responding in a non-linear, transient fashion, the interaction between local 
and global are much more complex. In a transient simulation, there could be dynamic 
interactions between the detailed components and the global structure, which would not 
be predicted in a quasistatic analysis. An outgrowth of the above limitations is the need to 
construct an experiment for the projectile model and simulation of a very simple structure 
subjected to a series of loads from quasi-static to transient in duration. The development 
of the experiment and numerical model will lead to a much better understanding of the 
structural response of circuit boards to very short duration loads. A more representative 
projectile model could then be built which is more computationally efficient and 
physically accurate [20].
One of the difficulties facing the U.S. Army and its contractors is the specification of 
gun launch loads to component manufacturers prior to the final design of the projectile. In 
the past, pressure-time curves and peak acceleration values were provided to contractors, 
the peak values were used to perform static analysis and quasi-static centrifuge tests. The 
dynamics of the projectile structure [21], particularly during the muzzle exit transient, were 
neglected. As a result, programs like the U.S. Army’s Excalibur and SAD ARM 
experienced numerous failures of sensitive equipment during the early stages of 
development [20]. In the Excalibur program, several failures of sensitive equipment were 
traced to the muzzle exit event using break-wire tests. A simple method [20] was described 
for early predictions of acceleration along the projectile, it predicted the muzzle exit event, 
the locations of maximum and minimum acceleration along the projectile, and the joint
14
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loads. These predictions can be used to place sensitive equipment or to design components 
that better resist the high, transient g-forces resulting from gun-firings.
1.5 Objective of the Research
The current project was commenced as a cooperative venture between the 
University of Nevada, Las Vegas (UNLV) and the U.S. Army Research Laboratories 
(ARL). The goal is to develop a methodology to reduce transmitted shock loading to 
electronic components within an artillery shell during the launch phase (including setback 
and muzzle exit conditions).
At the initiation of this research, a detailed solid model of a projectile was 
obtained from the U.S. ARMY ARDEC [22]. Electronic components such as silicon 
chips supported by a plate are incorporated within the projectile. The objective is to 
explore the ways to reduce the acceleration transmitted to these silicon chips by 
conducting a transient Finite Element Analysis (PEA) of the launch conditions. The PEA 
model includes the projectile and gun barrel. The motion is divided into two phases: 
inside the gun barrel and outside the gun barrel.
The objectives of this research include:
1. Identify measures of transmitted accelerations to specific locations, such as:
•  Peak acceleration
• RMS acceleration
2. Provide methodology for finite element modeling of projectiles with internal 
components.
3. Develop concepts to reduce shock transmissibility to the electronic components 
present in the projectile during the launch phase.
15
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4. To determine the natural frequencies of the Armament Research, Development 
and Engineering Center (ARDEC) projectile and to see that these do not match 
with the frequency content of pressure curve.
16
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CHAPTER 2
DESCRIPTION OF PROJECTILE
2.1 Background
The projectile used in this study mainly consists of five parts namely Windshield, 
Nacelle, M795-Ogive, M795-body and Bottom Nacelle. Some of these parts are bolted 
and threaded. All the electronic components present in the projectile are placed inside the 
Nacelle. The total length of the projectile is 20.4 inches and the maximum diameter of the 
projectile is 6.22 inches. The projectile that is placed inside the gun barrel is subjected to 
extreme loads, which make it to move forward, when it is fired. The sectional view of the 
projectile is shown in Figure 2.1.
17
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Figure 2.1 Sectional View of Projectile with Electronic Components
18
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2.2 Simplified Model
The simplified model of the projectile consists of all the parts present in the 
original projectile but with slight modifications to avoid complexity during the finite 
element analysis. All the parts are modeled in SOLIDWORKS and HYPERMESH. The 
actual electronic components were not included in the simplified model. A single flat 
plate representing a circuit board with a few simplified integrated circuit chips was used 
to represent a typical component. These chips were placed on the circuit board that in 
turn is placed inside ogive. The simplified model, created in SOLIDWORKS consists of 
mainly six parts and is shown in Figure 2.2.
1. Windshield
2. Nacelle
3. M795 Ogive
4. M795 Body
5. Band
6. Circuit Board (Plate)
19
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2.3 Description of Parts of Simplified Projectile 
2.3.1. Windshield
Windshield is placed to improve the aerodynamic performance of the projectile. It 
is made up of Ultem 2300 plastic. It is threaded on the top of the nacelle. Most of the 
material properties are obtained from the ARL, except the yield strength, which was 
obtained from a supplier’s website [26]. The properties and a picture of the quarter 
section of the windshield are shown in Table 2.1.
Table 2.1 Material Properties of Windshield [20]
J
Ultem 2300 (30% glass)
Density = 1.42E-04 lb/in
Young’s Modulus = 8E+05 psi
Poisson’s Ratio = 0.4
Yield Stress = 24.5E+03 psi
Volume = 2.62 in
Mass = 0.1441 lb
21
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2.3.2 Nacelle
Nacelle is a streamlined enclosure for sheltering the electronic components of the 
projectile. It is made of Aluminum 7075-T6511. The material properties are shown in 
Table 2.2. The electronic components of the projectile are stacked inside cups as shown 
in Figure 2.3. To make the analysis simpler, these electronic components are not being 
considered individually while the total mass of the nacelle is maintained. A description of 
the electronic components is given below.
Figure 2.3 Electronic Components Inside Nacelle
22
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The details of these electronic components are shown in Figure 2.4, The following 
is a list of these components.
1. Anterma/Antenna Ring - Antenna and Antenna Ring are used to transmit and 
receive signals.
2. Cylinders - The cylinder holds the cups and lids.
3. Accelerometer Cup - This cup contains the accelerometer, which is used to 
measure acceleration
4. Lid 1 - A removable or hinged cover for the Mux Cup.
5. Mux Cup - This cup contains the electrical parts.
6. Lid 2 - A removable or hinged cover for tlie cylinder.
7. Lid 3 - A removable or hinged cover for the Battery Cup.
8. Battery Cup - This cup contains the battery.
9. Lid 4 - A removable or hinged cover for the cylinder.
10. Potting -  All voids are filled with potting.
23
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Figure 2.4 Details of Electronic Components
24
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Table 2.2 Material Properties of Nacelle [20]
Y
A
Aluminum 7075-T6511
CTDensity = 3.39E-04 lb/in
Young’s Modulus = 1.04E+07 psi
Poisson’s Ratio = 0.33
Yield Stress = 68E+03 psi
Tangent Modulus = 18.5E+04psi
13---------Volume = 83.78 in
Mass = 10.96 lb
2.3.3 Dimensions and Material Properties of Integrated Circuit Chips
Four IC chips are placed over the circuit board. These chips are modeled directly 
in HYPERMESH as four square pieces of area 0.393*0.393 square inches and thickness 
of 0.059 inch. These circuit chips have very small dimensions and they have the 
properties similar to that of silicon [28].
25
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Figure 2.5 3-D View of IC Chip
Dimensions of each chip 
Length = 0.393”
Breadth = 0.393”
Height = 0.059”
Volume of a cube = Length * Breadth * Height
Volume of each chip = 0.393 * 0.393 * 0.059 = 0.0091 inch\
26
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Table 2.3 Material Properties of IC Chip [28]
Integrated Circuit Chip
Young’s Modulus = 2.45E+07 psi
Poisson Ratio = 0.26
Density = 2.17E-04 lb/inX
Mass = 0.00076 lb
Volume = 0.0091 in
Failure stress = 4.35E+04 psi
2.3.4 Circuit Board
The circuit board is circular in shape and is fixed to fit in Ogive. This board acts 
as support to the electronic components present in the projectile. The IC chips are 
soldered above the circuit board making them as one component. Material properties of 
circuit board along different directions such as length, breadth, and thickness are 
represented as a, b, c in Table 2.4. The dimensions of the circuit board [22] are:
Radius = 1.75 inches 
Thickness = 0.2 inches
The material properties of the plate are shown in Table 2.4.
27
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Table 2.4 Material Properties of Circuit Board [22]
FR-4 Circuit Board
Density =1.84E-04 Ib/in^
Young’s Modulus (a) = 2.86E+06 psi.
Young’s Modulus (b) = 2.86E+06 psi.
Young’s Modulus (c) = 1.32E+06 psi.
Poisson’s Ratio (ba) = 0.14
Poisson’s Ratio (ca) = 0.18
Poisson’s Ratio (cb) = 0.18
Failure Stress = 10.3E+04 psi
2.3.5 M795 Ogive
This part protects the payload from heat during its passage through the 
atmosphere. It is made up of 4340 steel. This part is modified to incorporate the circuit 
board from the original design. Initially this part had a groove in the axial direction. In 
order to incorporate the circuit board and IC chips at the bottom of the ogive, this groove 
is removed. The inner diameter of the ogive is machined to allow the board placement. 
Data of the M795 Ogive material is listed in Table 2.5.
28
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Table 2.5 Material Properties of M795 Ogive [20]
4340 Steel
13"Density = 7.32E-04 lb/in
Young’s Modulus = 2.9E+07 psi
Poisson’s Ratio = 0.32
Yield Stress = 120E+03 psi
Tangent Modulus = 5.21E+04 psi 
Volume = 101.77 in^
Mass = 28.801 lb
2.3.6 M795 Body
This is the bottom part of the projectile, which is subjected to pressure load 
applied to the projectile during the launch. It is made up of 4340 steel. Data of the M795 
Body material are listed in Table 2.6.
29
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Table 2.6 Material Properties of M795 Body [20]
J
4340 Steel
Density = 7.32E-04 Ib/in^
Young’s Modulus = 2.9E+07 psi
Poisson’s Ratio = 0.32
Yield Stress = 120E+03 psi
Tangent Modulus = 5.21E+04 psi 
Volume = 157.8 in^
Mass = 44.4 lb
2.3.7 Band
The band is circular and made of commercially pure copper, copper alloy, or 
plastic seated in a scored cut in the after portion of the projectile body. It is the only part, 
which glides in the gun barrel when the projectile is fired. In all minor and medium 
caliber projectiles, bands are made of commercially pure copper or gilding metal that is 
90 percent copper and 10 percent zinc. The material properties of the band are shown in 
Table 2.6.
30
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Table 2.7 Material Properties of Band [30]
Alloy C l 8900
Density = 8.22E-04 Ib/in^
Young’s Modulus = 56E+03 psi
Poisson’s Ratio = 0.3
Yield Stress = 52E+03 psi
Volume = 4.6 in
Mass = 1.461 lb
2.4 Assembly Model of Projectile
The individual parts shown in the above tables and figures are assembled in 
SOLIDWORKS. Except the IC chips all the other parts of the projectile are present in the 
picture because this model is imported in to HYPERMESH as a line diagram for analysis. 
Since the position of these IC chips has to be changed in parametric study they are 
modeled in HYPERMESH itself. The assembled view of the projectile is shown in Figure
2.6 with all the details and names of the parts.
31
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Windshield
Nacelle
M795 Ogive
Circuit Board
M795 Body
Rotating Band
Figure 2.6 Sectional View of Assembled Model of Projectile 
(IC Chips are modeled in Hyper Mesh)
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CHAPTERS 
FINITE ELEMENT ANALYSIS
3.1 Meshing
Finite element analysis (FEA), which is also called the finite element method 
(FEM), is a method for numerical solution of field problems. Mathematically a field 
problem is described by differential equations or by an integral expression. Either 
description may be used to formulate finite elements. Finite element formulations, in 
ready to use form, are contained in general FEA programs. Individual finite elements can 
be visualized as small pieces of a structure. The “finite” distinguishes these pieces from 
infinitesimal elements used in calculus. In each finite element a filed quantity is allowed 
to have only a simple spatial variation, perhaps described by polynomial terms up to x ,̂ 
xy, ŷ . The actual variation in the region spanned by an element is almost certainly more 
complicated, so FEA provides an approximate solution. Elements are connected at points 
called nodes. The assemblage of elements is called finite element structure; the word 
structure being used in a general sense to mean a defined body or region. The particular 
arrangement of elements is called a mesh.
The assembly of the six components modeled in SOLIDWORKS is imported into 
HYPERMESH as a 2-dimensional diagram. The 2D surface of each component is
33
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meshed separately and the outer layer of elements is swept 360 degrees around Y- axis 
with 40 elements around the circumference. The nodes are merged at the beginning and 
ending of the rotation to eliminate duplicate nodes. For the middle portions of 
Windshield, Nacelle, M795 Ogive, M795 Body, Circuit Board, the 2D surfaces are 
meshed and are extruded to their respective thicknesses forming a 3D mesh. Later the 
swept elements are attached to the extruded elements at their respective positions by 
merging the nodes to make them a single component. The 2D meshes of all components 
are deleted once the whole part is meshed as a 3D object. The 3D mesh of the projectile 
parts are shown in Figure 3.1 the number of layers of elements along the thickness 
direction of components is similar to the number of layers of elements in previous 
analysis done [26].
34
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Windshield Nacelle
M795 Ogive M795 Body
Band Circuit Board
Figure 3.1 3D Meshes of Projectile Parts
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The electronic components such as IC chips are placed above the circuit board. 
These IC chips were modeled directly in HYPERMESH. The 2D surfaces of each of 
these components are drawn first and are meshed using 2D plane mesh after which the 
2D elements are extruded over a thickness of 0.059 inches. IC chips placed over the 
circuit board are shown in Figure 3.2.
Figure 3.2 IC Chips Placed Over the Circuit Board
The external view and the sectional view of the assembled projectile with all the 
parts including the electronic components are shown in the Figures 3.3 & 3.4.
36
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
/
/
/
/
/
/
I
LuV Lu
/
N \
/
/
O'
f
j"
I '
em iw #
####N
« # # # #
# # # # #
mmmmm
#*m ##
k
X
Figure 3.4 Sectional View of Projectile
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3.2 Gun Barrel
The gun barrel is modeled as a hollow cylinder of 6.22 inches inner diameter and
11.62 inches outer diameter respectively. The inner diameter of the barrel is equal to the 
outer diameter of the projectile. The barrel wall is 2.7 inches thick. The length of the gun 
barrel is 264 inches. It is made of 4340 steel.
The gun barrel is shown in Figure 3.5 while material properties of the gun barrel 
are shown in the Table 3.1.
264'
Figure 3.5 Side View of the Gun Barrel
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Table 3.1 Material Properties of Gun Barrel [20]
V
4340 Steel 
Density = 7.32E-04 Ib/in^
Young’s Modulus = 2.9E+07 psi
Poisson’s Ratio = 0.32
Volume = 19,974.80 in
Mass = 5649 lb
3.3 Modeling of Gun Barrel
The gun barrel is made of solid elements, at first the 2D model of the gun barrel is 
drawn with circles 6.22 inches inner diameter and 11.62 inches of outer diameter. These 
circles were meshed using the 2D plane mesh in HYPERMESH with 40 elements around 
the circumference as shown in the Figure 3.6. HYPERMESH has the ability to calculate 
the optimum number of elements in radial direction if number of elements along the 
circumference is specified. Later these elements were extruded to a length of 264 inches, 
which is the height of the gun barrel. The 3D model of the gun barrel is shown in the 
Figure 3.7.
Figure 3.6 2D View of Gun Barrel
40
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
264’
Figure 3.7 Extruded View of Gun Barrel
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3.4 Contact Definitions
All the parts in the actual projectile are connected to each other by different 
means such as screws, threads and welding.
• The windshield is fixed to nacelle by threads.
• Nacelle is attached to M795 Ogive with nuts and bolts.
• M795 Ogive is attached to M795 body by threads.
• Circuit board is fixed to M795 Ogive.
Thus every part is fixed and interconnected to each other. In HYPERMESH the 
contacts are defined by defining mating surfaces. There are different types of contacts 
present in LS-DYNA [23]. To define a contact, first the mating surface should be 
selected, which is done by selecting the nodes and elements of that surface by using 
ENTITY SETS option, all the selected nodes and elements of different parts are given 
different SET ID’s. After selecting SET ID s, SET_SEGEMNT option is used to select 
the contact surface with the previously selected SET ID s giving them unique 
SET_SEGEMNT ID s.
The nodes present in the guiding surface of a contact are called the Master nodes 
and nodes in the following surface are called the slave nodes [24]. LS-DYNA has a
large number of contact types of which some are used for specific purposes and others
are suitable for more general use. For fixed bodies Contact_Tied_Surface_Surface card is 
used which means tying surfaces with translational degrees of freedom. 
Contact_Surface_Surface option is used when there is sliding motion between the parts 
and each slave node is checked for penetration through the master surface. The contact 
surfaces for each part and the type of contacts are shown in following figures and tables.
42
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Figure 3.8 Contact Surfaces between Windshield and Nacelle [23]
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Figure 3.9 Contact Surfaces between Nacelle and M795 Ogive [23]
f
Figure 3.10 Contact Surfaces between M795 Ogive and M795 Body [23]
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Figure 3.11 Contact Surfaces between M795 Ogive and Circuit Board [23]
Figure 3.12 Contact Surfaces between Circuit Board and IC Chips [23]
45
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Figure 3.13 Contact Surface between Band and Gun Barrel [23]
Table 3.2 List of Contacts [23]
Master Slave Contact Type
Nacelle Windshield Tied surface to surface
Ogive Nacelle Tied surface to surface
Ogive Circuit Board Tied surface to surface
Circuit Board IC Chips Tied surface to surface
M795 body Ogive Tied surface to surface
Gun Barrel Band Surface to surface
46
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3.5 Boundary Conditions
The boundary conditions are defined on the gun barrel. The first boundary 
condition is applied between 8.11 inches to 10.13 inches and the second boundary 
condition is applied fi'om 38.52 inches to 40.55 inches from the base of the gun barrel. 
The application of boundary conditions at these specific locations is obtained from ARL 
[22]. The nodes present in those two locations are fully constrained. Gim Barrel with 
applied boundary conditions is shown in Figure 3.14.
Table 3.3 Boundary Conditions for the Gun Barrel
u x UY UZ
1 1 1
1 -  Represents boundary condition in effect.
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Figure 3.14 Gun Barrel with Boundary Constraints
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3.6 Load Curve
The pressure is applied on the entire surface below the M795 and the Band. As 
the M795 is slightly angled in the Y-direction, the pressure is also applied on the sides of 
the surface to incorporate for the circumference of the obdurator. To the slanted surface, 
the pressure component is calculated in the axial direction.
The load data supplied by the ARL is a pressure curve, [25], Figure 3.15. This 
pressure curve has a maximum pressure of around 45,000 psi that is applied to the base of 
the projectile. The projectile leaves the barrel at 12.5 milliseconds, after which the 
pressure drops down to zero. The pressure-time curve is plotted for 20 milliseconds.
50000 1
40000 ■
30000 ■
20000 -
10000 -
0.006 0.008 0.014 0,020.004 0.01 0,012 0.016 0,0180.002
■10000 J
Time (sec)
Figure 3.15 Pressure Versus Time Curve Applied to the Base of Projectile
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3.7 LSDYNA Input Cards
3.7.1 Control Card
Control cards in LS-Dyna input file can be used to change:
• The default settings,
• To activate solution options such as mass scaling, adaptive remeshing,
• To an implicit solution.
A control card defines the properties such as :
• Termination time,
• Time step controls,
• Warpage angle for shell,
• Hourglass effect,
• Rigid wall effect etc.
• ENDTIME in the card defines the termination time.
• ENDCYC defines the termination cycle. The termination cycle is optional and 
will be used if the specified cycle is reached before the termination time.
• DTMIN is the reduction factor for initial time step size to determine minimum 
time step.
• ENDENG is the percent change in energy ratio for termination of calculation. If 
undefined, this option is inactive.
• ENDMASS is the percent change in the total mass for termination of calculation. 
This option is relevant if and only if mass scaling is used to limit the minimum 
time step [23].
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*CONTROL_TERMINATION
$$ END TIM  ENDCYC DTMIN ENDENG ENDMAS
0.5 0.0 0.0 0.0 0.0
Control Termination Card
Control Implicit General card comes after the Control termination card; this is 
specifically used to do the implicit analysis. IMFLAG is called as Implicit/Explicit 
analysis type flag. The default value “0” indicates a standard explicit analysis to be 
performed, value “1” causes an entirely implicit analysis to be perfoimed and value 2 
indicates to switch from implicit to Explicit analysis when termination time is reached.
*  C O N TR O L_IM P LIC IT „G E N S R A L
$$ IM FLA G  DTÜ IM FLAG  NSBS IG S  CMSTN
1
Control Implicit Card
3.7.2 Database Card
Database card follows the title card. Database card defines the type of output 
format for results. The database card is shown in the card below. DT/CYCL defines the 
time interval between the outputs. DT/CYCL is I.OOE-03, implies 20 D3Plots are 
generated for total simulation time of 0.02 seconds. LCDT is the optional load curve ID 
specifying the time intervals between the dumps [23].
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*DÀTABASE__BINARY_„D3 PLOT
$$ D T /C Y C L LCDT BEAM NPLTC
l.OOOOE-03
Database Binary Card
The Nodout card is used to define the number of data points intended when 
plotting a graph. DT is l.OOE-06 implies 20,000 data points are retrieved. BINARY is 1 
indicates the ASCII file is written. The Database History Node card is used to define 
specific nodes for which the graphs are plotted. The Nodout card can be used to produce 
less number of D3plots with large number of data points.
*  DATABAS E_NODOUT
DT B IN A R Y .. 
l . O O O O E - 0 6  1
* DATABASE_HISTORY_NODE_SET
IDl 1D2 ID3 ID4 ID5 1D6
18778 29977 38284 40493 40693 39016
Database Nodout Card
3.7.3 Material Card
Material cards are used to specify the type of material assigned to the parts, LS- 
DYNA [23] has almost 200 types of materials each is specified by its Material ID (MID) 
as shown in the material card. RO represents the mass density of the material and PR 
denotes the Poisson’s ratio. PRBA, PRCA and PRCB denotes Poisson’s ratio in different 
directions. SIGY represents the yield stress, E represents the young’s modulus of the
52
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
material. ET AN and BETA represents the tangent modulus and hardening parameters of 
the materials. Different types of material cards are shown in the following cards.
‘■M AT„ELASTIC
M ID  RO E PR
9 0.08417724511000.0 0.26
■ 5 - - -
Material Card For Elastic Materials
*  MAT._ORTHOTROP I  C ..EL AS T IC  
$HMNAME MATS lp la t e _ . m a t
$ ------------------1 --------------------2 -------------------- 3 ---------------------4 -------------------- 5-
MID RO EA EB EC
11.8400E-04 2860000.0 2860000.0 1320OOO.O 
GAB GBC GCA AOPT
537000.0 421000.0 421000.0 2.0
A1 A2
0.5 8.3
D1 D2
0.5 8.3
 6 -
PRBA
0.14
A3
0 . 0
D3
0.5
-------- 7
PRCA
0.18
Card for Orthotropic Material
*MAT_PLASTIC_KINEMATIC
$  1  2 - -  4 -
PR
0.33
-----------
SIGY
68000.0
 6 -
ETAN
185185.0
MID RO E
23.3900E-0410400000.0
Card for Plastic Kinematic
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3.7.4 Load Card
This card is used to define the body force loads, prescribed base acceleration, or 
prescribed angular velocity over a subset of complete problem. N l, N2 define the 
begiiming and ending node ID’s for force load. LCDD represents the curve ID, which is a 
force curve, applied to the above subset of nodes. AX, AY, AZ is the scale factor for the 
acceleration for their respective directions.
*LO AD . BODY GENERALIZED 
$  — ------------- 5 ---------
Nl N 2 L C I D DRLCID XC YC zc
1 22000 0 0.0 0.0 0.0
AX AY AZ OMX OMY OMZ
1.0 0.0 0.0 0.0 0.0 0.0
Load Body Card
3.7.5 Final Model
The final model of the projectile and gun barrel is shown in Figure 3.24. The total 
numbers of nodes are 100,496 and elements are 67,240. Out of which the gun barrel has 
maximum number of nodes 85,800 and elements 57,120 as shown in Table 3.4. The gun 
barrel has 714 layers of elements along its axis. The number of nodes and elements 
present in each part are shown in the Table 3.4.
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Total Number of Elements and Nodes
Component Number of elements Number of nodes
Windshield 1560 2280
Nacelle 2260 3224
M795 Ogive 1800 2680
M795 Body 2530 3512
Band 200 480
Plate 1642 2460
IC Chps 128 300
Gun Barrel 57,120 85,800
Total 67,240 100,736
From the above table we see that the total number of nodes present in the model is 
different from the number of nodes present in the individual parts, this is because the 
band placed around the M795 body has 240 nodes around its inner circle which are 
merged to outer surface nodes of M795. But these nodes are merged with nodes of M795 
body aroimd its outer surface making them as single part by sharing the common nodes. 
So if we subtract 240 nodes from the total number of individual nodes we get the total 
number of nodes as 100,496 for the whole model.
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à
I III
Figure 3.16 Gun Barrel with Projectile
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CHAPTER 4
EXPERIMENTAL MODAL ANALYSIS OF PROJECTILE
4.1 Need For Finding Natural Frequencies
This chapter discusses the need for finding the natural frequencies by modal 
analysis using ANSYS workbench and experimental method using PULSE software of 
the ARDEC projectile. Resonance happens when the frequency of a vibrating force is 
equal to a natural frequency of the object to which the force is applied. The projectile, 
which we are using, has natural and resonant frequencies that are excited during 
operation, due to this excitation resonance occurs and transmits large amount of energy to 
the projectile, which results in a large vibration. These large vibrations can cause 
vibration stress and fatigue, resulting in the cracking or destruction of certain 
components.
In this case we know the force, which we are applying to the base of the projectile 
as shown in Figure 3.15 so we need to find the natural frequencies of the projectile as 
mentioned earlier. Fast Fourier Transformation (FFT) analysis of the pressure curve [25] 
results in some frequencies and these frequencies should not match with the natural 
frequencies of the projectile. Hence finding natural frequencies experimentally is 
described in the following section.
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4.2 Pulse Software and Hardware
Since man began to build machines for industrial use, and especially since motors 
have been used to power them, problems of vibration reduction and isolation have 
engaged engineers. Gradually, as vibration isolation and reduction techniques have 
become an integral part of machine design, the need for accurate measurement and 
analysis of mechanical vibration has grown. This need was largely satisfied, for the slow 
and robust machines of yesteryear, by the experienced ear and touch of the plant 
engineer, or by simple optical instruments measuring vibratory displacement. Over the 
last 15 or 20 years a whole new technology of vibration measurement has been developed 
which is suitable for investigating modem highly stressed, high-speed machinery. Using 
piezoelectric accelerometers to convert vibratory motion into an electrical signal, the 
process of measurement and analysis is ably performed by the versatile abilities of 
electronics. Pulse is one such kind of software, which reads the natural frequencies of 
objects by converting vibratory motion into the electrical signals. An impact hammer 
with a load transducer is used to trigger the signal and accelerometers are used to record 
the accelerations at various locations. A hardware key connected to the computer 
transmits the signals obtained by the transducers from the PULSE data acquisition unit to 
the Pulse software shown schematically in Figure 4.1. PULSE uses SI units, so the units 
for the input force and the output accelerations are (N) and (m/s^j respectively. The 
PULSE system has six channels; one for the input force transducer and five channels are 
provided for the output transducers, in this case the output transducers are 
accelerometers.
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Test Facilities
PULSE System
PC on LAN "PULSE Viewer Clients" 
running PULSE Viewer
Figure 4.1 Data Acquisition from PULSE Hardware and Software [29]
4.3 Experimental Setup
The experimental setup consists of ARDEC projectile hanging from A-Frame by 
the help of wire rope in the middle of frame as shown in Figure 4.2. The wire rope 
attached between the projectile and the A-Frame is connected to an Eyebolt fixed to 
frame and to an Eyebolt fixed to the projectile axially as shown in Figure 4.2. 
Accelerometers are placed on the projectiles on the desired locations and the other ends 
of accelerometers are connected to the PULSE data acquisition box through the output 
transducer channels. The results obtained from these accelerometers are tabulated 
differently for each location in section 4.7 through 4.14.
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Wire Rope
Figure 4.2 Projectile Hanging from A-Frame with a Wire Rope 
4.3.1 Wire Rope
Wire ropes have convenient snap-hook fitting at the top that can be clipped 
directly to the supporting structure or used to create a choker loop around it as shown in 
Figure 4.3. At the other end is a unique locking device with two openings that allow the 
rope to thread through only in one direction. The device locks it in place so it can’t be 
pulled back out. The length of the rope is adjustable. The material used to make the wire 
rope is galvanized steel.
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Figure 4.3 Wire Rope With Unique Locking Device
4.3.2 hnpact Hammer
This is the instrument used to trigger the vibrations or signals in the projectile by 
hitting it against the projectile. The signals produced are transmitted through the cable, 
which is attached to the PULSE data acquisition box. The specifications of the hammer 
are shown in Table 4.1. The impact hammer, which we are using, has two tips as shown 
in Figure 4.4. Black one is considered as hard tip and white one as soft tip. These tips are 
generally used to increase and decrease the intensity of vibrations produced in the 
projectile.
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Figure 4.4 Impact Hammer with Two Tips
Table 4.1 Specifications of Impact Hammer [29]
Sensitivity (± 15 %) 0.23 mV/N
Measurement Range ± 22,000 Npk
Frequency Range (-10 dB) (Hard Tip) IkH z [1][2]
(-10 dB) (Medium Tip) 700 Hz [1][2]
(-10 dB) (Soft Tip) 450 Hz [1][2]
(-10 dB) (Super Soft Tip) 400 Hz [1][2]
Resonant Frequency > 12 kHz
Hammer Mass 2.4 lb (1.1 kg)
4.3.3 Accelerometer
Accelerometers are the first products in an array of Motion Signal Processing 
solutions to use innovative design techniques to integrate small, robust sensors with 
advanced signal conditioning circuitry on a single chip. Accelerometers convert vibratory 
signals produced by impact hammer into electrical signals. These signals in turn pass 
through PULSE data acquisition system and gives out put as the natural frequencies of 
the impacted body.
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Table 4.2 Specifications of Accelerometer [29]
g a r
tM
PCB 352C22 Piezoelectric 
Accelerometer
Model # 352C22
Sensitivity 
(± 15 %)
1.0mV/(m/s^)
Measurement
Range
+4900 m/s2 
peak
Frequency Range 1.0 to 
lO.OkHz
Weight 0.5g
Broadband
Resolution
0.002 g rms 
(0.02 m/s2 
rms)
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4.4 Analysis of A-Frame
The projectile is supported by a frame to perform the modal experiment. After 
careful study of different types of frames we came up with a frame, which is shown in 
Figures 4.5 through 4.7 and is labeled as “A-Frame”. The material used to build this 
frame is 4340 structural steel. TTie material properties of this material are shown in Table 
4.3. Modal analysis of this frame is also done in ANSYS Workbench and the obtained 
frequencies are tabulated in Table 4.4. Performing modal analysis to find natural 
frequencies of a particular object is shown in Appendix.
The modal analysis of this frame is done to determine its natural fi'equencies, and 
to ensure that these fi'equencies do not match the natural frequencies of projectile since 
matching frequencies produce resonance effect. The whole body of A-Frame is welded at 
the joints instead of bolting them because to increase the stiffness of the frame. The 
boundary conditions applied for the A-Frame in modal analysis are, it cannot displace 
longitudinally but it can displace laterally. A-Frame used in modal experiment has to be 
placed on the ground and cannot leave the ground on its own, but if there are no boundary 
conditions in modal analysis the object is free to move in all directions which is not 
possible during experimentation and hence to satisfy these conditions A-Frame is 
constrained along its height.
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Figure 4.6 Side View of A-Frame (Dimensions -  Inches)
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Figure 4.7 Photograph of A-Frame
Table 4.3 Material Properties of A-Frame [27]
Structural Properties
Young’s Modulus 2.9E-F007 psi
Poisson’s Ratio 0.3
Mass Density 0.283 Ibm/in"
Stress Limits
Tensile Yield 36.2E+03 psi
Compressive Yield 36.2E+03 psi
Tensile Ultimate 66.7E+03 psi
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Table 4.4 Natural Frequencies of A-Frame determined from ANSYS Workbench
MODE# FREQUENCY Hz
1 42
2 46
3 57
4 60
5 70
6 95
7 104
8 118
9 138
10 142
11 147
12 164
13 172
14 186
15 216
16 217
17 240
18 242
19 258
20 266
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4.5 Modal Analysis of ARDEC Projectile
Modal analysis of the ARDEC projectile is done by using ANSYS Workbench 
and experimental data is obtained using the PULSE data acquisition system. The 
projectile shown in Figure 4.8 is the SolidWorks model of ARDEC projectile. This 
projectile is a bit different from the other projectiles present in earlier chapters. This is the 
model of the projectile, which ARL [22] has sent to perform the experiment. Modal 
analysis of this projectile revealed that all the major frequencies and mode shapes. The 
natural frequencies obtained by modal analysis of ARDEC projectile are shown in Table 
4.5. There are no boundary conditions applied to the projectile hence it is suspended to 
A Frame by a wire rope so that it can displace freely either longitudinally or laterally.
Figure 4.8 Sectional View of ARDEC Projectile (Dimension -  Inches)
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Table 4.5 Natural Frequencies of ARDEC Projectile from Modal Analysis
MODE
SHAPE#
FREQUENCY Hz TYPE OF MODE SHAPE
1 2672 1*‘ Bending Mode of Projectile
2 2672 1*̂ Bending Mode of Projectile
3 3469 Torsion Mode of Projectile
4 4687 Axial Mode of Projectile
5 5369 2"“ Bending Mode of Projectile
6 5369 2™* Bending Mode of Projectile
7 5483 Radial Mode of Projectile
8 5486 Radial Mode of Projectile
9 7133 3"“ Bending Mode of Projectile
10 7133 3"* Bending Mode of Projectile
11 7292 2"  ̂Torsion Mode of Projectile
12 7770 2"“ Radial Mode of Projectile
13 7773 2"  ̂Radial Mode of Projectile
14 9508 4“* Bending Mode of Projectile
15 9509 4“* Bending Mode of lYojectile
16 9672 2““ Axial Mode of Projectile
17 9738 3”* Radial Mode of Projectile
18 9739 3”* Radial Mode of Projectile
In the above table we have 18 mode numbers in which some of the values are repeating, 
so these repeated values are averaged as they correspond to the same mode in different 
plane because of symmetry. So these values are reduced to 10 mode numbers as shown in 
Table 4.6. Hence forth all the experimental values obtained from different accelerometers 
are compared with the values in Table 4.6 The mode shapes of projectile are obtained 
from the Figures 4.9 and 4.10.
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Table 4.6 Averaged Natural Frequencies
MODE SHAPE # FREQUENCY Hz TYPE OF MODE SHAPE
1 2672 F* Bending Mode of Projectile
2 3469 F‘ Torsion Mode of Projectile
3 4687 F‘ Axial Mode of Projectile
4 5369 2"“ Bending Mode of Projectile
5 5485 F‘ Radial Mode of Projectile
6 7133 3"̂  Bending Mode of Projectile
7 7292 2"̂  Torsion Mode of Projectile
8 7772 2“  Radial Mode of Projectile
9 9509 4“ Bending Mode of Projectile
10 9672 2™* Axial Mode of Projectile
11 9738 3"" Radial Mode of Projectile
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(a) F ' Bending (2672 Hz) (b) F ‘ Torsion (3469 Hz)
(c) 2nd Axial (4687 Hz) (d) 2nd Bending (5369 Hz)
(e) F ‘ Radial (5485 Hz) (f) 3"* Bending (7132 Hz)
Figure 4.9 Different Mode Shapes of Projectile from ANSYS workbench
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(g) Torsion (7292 Hz) (h) 2“** Radial (7773 Hz)
(i) 4* Bending (9507 Hz) (j) 3"* Radial (9737 Hz)
Figure 4.10 Different Mode Shapes of Projectile from ANSYS Workbench
From Figure 4.9 and Figure 4.10 we find that some of the mode shapes obtained from 
modal analysis are repeated, since it is difficult to obtain all the mode shapes in one 
impact different experimental set up and configurations, such as placement of 
accelerometers at different positions on the projectile are set up to obtain all the repeated 
mode shapes also.
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4.6 Experimental Procedure to find Natural Frequencies of ARDEC Projectile
The experimental procedure to find out the natural frequencies of the ARDEC 
projectile is divided into different configurations by placing the accelerometers in the 
most critical places and exciting the body with the impact hammer in proper directions to 
get as many mode shapes as possible. The impact hammer is always normal to that 
bottom surface of the accelerometers since the accelerometers used for the experiment are 
uni-axial and they cannot record the accelerations in directions other than the direction 
perpendicular to the face of the accelerometer. From the extracted mode shapes, which 
are shown in Figures 4.9 and 4.10, one can see that there are certain regions where the 
projectile deforms periodically when the mode shape is animated. The projectile is 
divided into four sections according to the animated results, which are exhibiting the 
maximum and minimum amplitudes, and the accelerometers are located at these locations 
on the projectile to obtain the natural frequencies experimentally. Experimental set up of 
ARDEC projectile is shown in Figure 4.11.
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Figure 4.11 Experimental Set up of ARDEC Projectile
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4.7 Configuration 1- Setup to Obtain Bending Modes
The accelerometers are placed according to the minimum and maximum 
frequency modes of the projectile, which are found from the modal analysis shown in 
Figure 4.12 and impact hammer was hit normal to the surface of the accelerometers from 
side ways, to excite the bending mode.
Figure 4.12 First Bending of Projectile
From the above figure it is evident that the red color shows the maximum 
deformation and blue color shows the minimum deformation. This means that the 
accelerometers placed around these spots, should give the maximum and minimum 
frequencies. The natural frequencies obtained from the configuration 1 are shown in 
Table 4.7.We find that all the natural frequencies obtained from configuration 1 are 
similar to the results obtained form the modal analysis.
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Accelerometer 25
Accelerometer 27
Accelerometer 30
Accelerometer 54
Figure 4.13 Experimental Set up of Configuration 1
14.5
9.5’
Figure 4.14 Placement of Accelerometers Configuration 1
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Table 4.7 Natural Frequencies Obtained From Configuration 1
Mode
Shapes
l^Bending l*‘Torsion FAxial 2"“Bending r'Radial 3"*Bending
FEA
Results
2672 3469 4687 5369 5485 7133
Acc-25 2670 4670 5450
Acc-27 2670
Acc-30 2670 4700 5340 5450
Acc-54
Mode
Shapes
2"*Torsion 2"^Radial 4“’Bending 2"‘*Axial 3"*Radial
FEA
Results
7292 7772 9509 9672 9738
Acc-25 7300 9450 9700
Acc-27 9460
Acc-30 7300 7540 9460
Acc-54 9460
4.8 Configuration 2-Setup to Obtain Axial Modes
As shown in the Figure 4.15 the second configuration is used to excite the body 
axially. To excite the projectile axially it is hit form the bottom in the center as shown in 
the Figure 4.16.The accelerometer 25 is placed on the tip of the projectile so that it can 
capture the axial mode since these accelerometers are uni-axial they only capture the 
frequencies normal to their surface. All other accelerometers are placed on the body of 
the projectile similar to the configuration 1.
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Figure 4.15 F* Axial Mode of Projectile
From the Figure 4.15 shows minimum and maximum amplitudes occur at the 
middle and bottom of the projectile where the accelerometers 30 and 54 are placed as 
shown in the Figure 4.16. These accelerometers should give the maximum and minimum 
readings.
79
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Accelerometer 25
Accelerometer 27
Accelerometer 30
Accelerometer 54
Figure 4.16 Experimental Setup of Configuration 2
21
M
Figure 4.17 Placement of Accelerometers Configuration 2
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Table 4.8 Natural Frequencies Obtained From Configuration 2
Mode
Shapes
F'Bending l**Torsion F'Axial 2“ Bending F*Radial 3"‘Bending
FEA
Results
2672 3469 4687 5369 5485 7133
Acc-25 2670 5450
Acc-27 2670 4680
Acc-30 2670 5350 5450
Acc-54 2670 4680 5450
Mode
Shapes
2"‘Torsion 2"‘*Radial 4“’Bending 2“ Axial 3"*Radial
FEA
Results
7292 7772 9509 9672 9738
Acc-25
Acc-27
Acc-30 7480
Acc-54 7480 9350
From the above table it is seen that the mode shapes obtained experimentally were 
similar to that of the modal analysis, since the middle part of the projectile in modal 
analysis shows the minimum amplitude, which means that there should not be any axial 
mode. The accelerometer 30 is placed around that spot, and result obtained from this 
accelerometer matches with modal analysis results. Similarly the readings obtained from 
other accelerometers have the relevant data.
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4.9 Configuration 3 -  Setup to Obtain Bending Modes
Figure 4.18 2"** Bending Mode of Projectile
In the above diagram we see that the mode shape obtained is bending, in this case 
maximum amplitude occurred at bottom of the projectile where as the previous bending 
occurred at the top of the projectile. All the accelerometers are in the same line except 
acc-54, which is 90 degrees away from the other accelerometers as shown in the Figure
4.19. To obtain the relevant results the accelerometers are shifted from their positions as 
they were in previous bending. The distance of accelerometers from the bottom of the 
projectile is shown in Figure 4.20.
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Accelerometer 25
Accelerometer 27
Accelerometer 30 
Accelerometer 54
Figure 4.19 Experimental Set up of Configuration 3
.I
0.4'
Figure 4.20 Placement of Accelerometers Configuration 3
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Table 4.9 Natural Frequencies Obtained From Configuration 3
Mode
Shapes
l*‘Bending 1 ̂ 'Torsion 1 "Axial 2""Bending rk ad ia l 3™B ending
FEA
Results
2672 3469 4687 5369 5485 7133
Acc-25 2670 4680
Acc-27 2670
Acc-30 2670 5450
Acc-54 2670 5350
Mode
Shapes
2"*Torsion 2“*Radial 4 Bending 2"“Axial 3"*Radial
FEA
Results
7292 7772 9509 9672 9738
Acc-25
Acc-27
Acc-30 7480
Acc-54
When the bending mode is excited by hitting the hammer as shown in Figure
4.19, all the bending modes should get excited in the body but we are placing the 
accelerometers in specific locations points where they read only maximum and minimum 
frequency modes. From the above table we see that all the accelerometers except acc-20, 
acc-27and acc-30 are not showing any bending mode since at these places the bending is 
minimum as shown in Figure 4.18. The maximum bending mode occurred in this 
configuration is 5350 Hz, which is almost equal to the modal analysis.
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4.10 Configuration 4 - Setup to Obtain Radial Modes
This configuration is done to obtain the radial mode shape. The mode shape obtained 
from the modal analysis is shown in Figure 4.21 and the accelerometers are placed at the 
maximum and minimum points according to the modal analysis figure the accelerometers 
are placed at the suggested locations as shown in Figure 4.22.
Figure 4.21 l"  Radial Mode of Projectile
The way of impact on the projectile from the bottom surface to excite the first 
radial mode is similar to that of the axial mode but there is change in the positioning of 
accelerometers. Distance of accelerometers from the bottom surface of the projectile is 
shown in Figure 4.23.
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Accelerometer 25
Accelerometer 27
Accelerometer 30
Accelerometer 54
Figure 4.22 Experimental Set up of Configuration 4
14.5'
Figure 4.23 Placement of Accelerometers Configuration 4
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Comparing the Figures 4.16 and 4.22 one finds that the accelerometers are at the 
same location but on observation we find that the accelerometers in 4.22 are changed 
from location in 4.16 axially. The results obtained from this configuration are in the 
Table 4.10.
Table 4.10 Natural Frequencies Obtained from Configuration 4
Mode
Shapes
l^Bending l**Torsion 1®‘Axial 2"“Bending r'Radial 3"*Bending
FEA
Results
2672 3469 4687 5369 5485 7133
Acc-25 2670 4670
Acc-27 2670 4680
Acc-30 2670 4680 5460
Acc-54 2670 4680
Mode
Shapes
2"*Torsion 2"*Radial 4“‘Bending 2‘“Axial 3"Radial
FEA
Results
7292 7772 9509 9672 9738
Acc-25
Acc-27
Acc-30 7480
Acc-54
The results from the above table are similar to that of the modal analysis because 
the accelerometer 25, which is placed on the top of the projectile, should read the axial 
mode, which it did, and the accelerometer 30 should read the radial mode, the rest, all 
should show the minimum values, which they match with that of modal analysis.
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4.11 Configuration 5 - Setup to Obtain Torsion Modes
As seen from the Figure 4.24 this mode shape is considered as torsion and it is 
difficult to excite this kind of mode in the projectile. So to get torsion mode the projectile 
is attached with 3 metal pieces (angles) as shown in Figure 4.25. The reason for fitting 
three pieces is to place accelerometer on one of them and to hit the other two attached at 
90 degrees and 180 degrees away from the accelerometer to twist the projectile, which in 
turn excites torsion. The attachment of these metal pieces was successful in exciting the 
torsion mode shape in the projectile and the results obtained were similar to the modal 
analysis.
5
Figure 4.24 2"‘* Torsion Mode of Projectile
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Accelerometer 25
Accelerometer 27
Accelerometer 30
Accelerometer 54
Figure 4.25 Experimental Set up of Configuration 5
21
9.7’
Figure 4.26 Placement of Accelerometers Configuration 5
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Table 4.11 Natural Frequencies Obtained from Configuration 5
Mode
Shapes
l®*Bending I®‘Torsion l®‘Axial 2'^Bending r'Radial 3"*Bending
FEA
Results
2672 3469 4687 5369 5485 7133
Acc-25 2660 4670 5460
Acc-27 2660 4670
Acc-30 2660 4680 5450
Acc-54 2680 3510 4680 5450
Mode
Shapes
2°*Torsion 2'*Radial 4“'Bending 2"“Axial 3*Radial
FEA
Results
7292 7772 9509 9672 9738
Acc-25 7280 9470
Acc-27 7280 9470
Acc-30 7280 9470
Acc-54 7270 9470
From the above results it is evident that all the accelerometers are reading the second 
torsion mode, specifically accelerometer 54 even picked up the 1®* torsion mode, which 
was not picked up, by any accelerometer in any other configuration. Thus we are 
successful in isolating the torsion mode also.
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4.12 Configuration 6 -  Setup to Obtain Radial Modes
The second radial mode obtained is shown in Figure 4.27. According to Figure 
4.10, the mode shape obtained after torsion is 2"** radial which is similar to that of the 
mode obtained in Figure 4.21, the way of exciting this mode is done by hitting the impact 
hammer in the middle of the projectile from the bottom as shown in the Figure 4.28. The 
placement of accelerometers on the projectile is same as that of the previous radial mode 
but on the different axis such that they are 90 degrees away from the 1®‘ radial mode 
considering the metal pieces attached as the two co-ordinate axis.
M M
Figure 4.27 2"** Radial Mode of Projectile
From the above figure we see that the maximum frequency mode occurs in the 
middle and minimum frequency mode occurs at top and bottom portion of the projectile. 
Accelerometer 30 is placed in the middle portion and accelerometers 25, 27, 54 are at top 
and bottom portions. The arrangements are shown in Figures 4.28 and 4.29.
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Accelerometer 25
Accelerometer 27
Accelerometer 30 
Accelerometer 54
Figure 4.28 Experimental Set up of Configuration 6
21
15.5
Figure 4.29 Placement of Accelerometers Configuration 6
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Table 4.12 Natural Frequencies Obtained from Configuration 6
Mode
Shapes
l**Bending l®*Torsion r'A xial 2“ Bending l*Radial 3"'Bending
FEA
Results
2672 3469 4687 5369 5485 7133
Acc-25 2670 4670 5450
Acc-27 2670 4670 5450
Acc-30 2670 4670 5450
Acc-54 2670 4670 5450
Mode
Shapes
2"*Torsion 2"‘*Radial 4“'Bending 2‘"Axial 3*Radial
FEA
Results
7292 7772 9509 9672 9738
Acc-25
Acc-27
Acc-30 7520
Acc-54 9460
From the above table it is clear that when the projectile was hit in middle as 
shown in Figure 4.28 both the axial and radial modes are excited, we can say this by 
seeing 4* and 6*’’ columns in the above table. As said in the previous discussion the 
accelerometer placed in the middle part of the projectile should read maximum frequency 
mode which means that the accelerometer 30 should read the 2™* radial mode which it did 
hence the experimental results matches with the analysis results.
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4.13 Configuration 7 -  Set up to obtain Bending Modes
The mode shape obtained after the 2"** radial mode is again bending. As we see from the 
following Figure 4.30 the minimum frequency mode occurs in top portion and maximum 
frequency mode occurs just below the middle part of the projectile.
80680n)
Figure 4.30 4*'' Bending Mode of Projectile
From the below figures we see that the accelerometers are placed at the required 
places to read the maximum and minimum frequency modes according to the figure 
obtained from modal analysis. In the Figure 4.30 the maximum frequency mode is 90 
degrees away from the minimum spots, to read this, accelerometer-30 is placed off the 
axis as shown in Figure 4.31.
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Accelerometer 25
Accelerometer 27
Accelerometer 30
Accelerometer 54
Figure 4.31 Experimental Set up of Configuration 7
19.5”
14.5“
Figure 4.32 Placement of Accelerometers Configuration 7
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Table 4.13 Natural Frequencies Obtained from Configuration 7
Mode
Shapes
1 “‘Bending l“‘Torsion 1 “‘Axial 2"‘‘Bending l“‘Radial 3'^Bending
FEA
Results
2672 3469 4687 5369 5485 7133
Acc-25 2670 4670
Acc-27 2670 4670
Acc-30 2670 4670
Acc-54 2670 4670 5340 5450
Mode
Shapes
2"“Torsion 2"‘‘Radial 4‘“Bending 2"^Axial 3"‘Radial
FEA
Results
7292 7772 9509 9672 9738
Acc-25
Acc-27
Acc-30 9460
Acc-54 7290 7520 9450
From the above table it is clear that the accelerometers 30, 54 shows the maximum 
bending mode and accelerometers 25, 27 doesn’t show any reading which matches with 
the analysis results and hence configuration 7 is also verified.
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4.14 Configuration 8 Set up to obtain Radial Modes
The last mode shape attained in modal analysis before 10,000 Hz is radial which 
is shown in the Figure 4.33. To excite this mode the projectile was hit similar to the other 
axial and radial modes.
Figure 4.33 3”* Radial Mode of Projectile
The accelerometer 25 is placed on the top of the projectile to read the axial mode 
frequency. Acc-27, acc-30, acc-54 are placed axially in line. According to the modal 
analysis the accelerometer 30 and accelerometer 54 should show the maximum and 
minimum frequency mode. By seeing the obtained experimental data from acc-30 in 
Table 4.14 one can say that the experimental results perfectly match with analysis.
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Accelerometer 25 
Accelerometer 27
Accelerometer 30
Accelerometer 5
Figure 4.34 Experimental set up of Configuration 8
21 ”
16.5'
Figure 4.35 Placement of Accelerometers Configuration 8
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Table 4.14 Natural Frequencies Obtained from Configuration 8
Mode
Shapes
F'Bending l®‘Torsion F*Axial 2"^Bending F'Radial 3™Bending
FEA
Results
2672 3469 4687 5369 5485 7133
Acc-25 2670 4680
Acc-27 2670 4680 5440
Acc-30 2670 4680 5440
Acc-54 2670 4680 5350
Mode
Shapes
2“‘Torsion 2"*Radial 4**'Bending 2"“Axial 3"*Radial
FEA
Results
7292 7772 9509 9672 9738
Acc-25
Acc-27 9480 9700
Acc-30 7480 9480 9700
Acc-54 7290 9480 9700
By seeing the results in the above table we can say that experimental results matches with 
the analysis results since the radial excitation of the projectile also excited it axially.
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Table 4.15 Comparison of Experimental and Modal Analysis Results
Mode
#
Results From 
Modal 
Analysis 
Frequency Hz
Average of Results 
From Experiment 
Frequency Hz
Percentage Error Type Of Mode 
Shape of 
Projectile
1 2672 2670 0.07% 1®* Bending 
Mode
2 3469 3510 1.16% 1** Torsion 
Mode
3 4687 4687 0% 1** Axial 
Mode
4 5369 5360 0.16% 2"‘* Bending 
Mode
5 5485 5440 0.82% 1** Radial 
Mode
6 7133 3"* Bending 
Mode
7 7292 7290 0.02% 2“  Torsion 
Mode
8 7772 7480 3.75% 2“  Radial 
Mode
9 9509 9480 0.30% 4“* Bending 
Mode
10 9672 2“  Axial 
Mode
11 9738 9700 0.39% 3"* Radial Mode
From the above table we see that the results obtained form both experiment and 
modal analysis of the projectile are almost similar to each other. The experimental results 
obtained from all the accelerometers are averaged to compare with the modal analysis 
results. The percentage error between the experimental and modal analysis of the 
projectile is less than 1% in most of the cases. Hence the experimental results match with 
the modal analysis results. The natural frequencies of the original projectile used in Finite 
Element Analysis is present obtained from ANSYS Workbench are present in Table 4.16.
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Table 4.16 Modal Analysis Results of Original Projectile used in Finite Element Analysis
from ANSYS Workbench
MODE
Number
FREQUENCY
(Hz)
TYPE OF MODE
1 3204 1 Bending Mode of the Projectile
2 3204 1 Bending Mode of the Projectile
3 3836 1®‘ Axial Mode of the Projectile
4 5312 2“** Axial Mode of the Projectile /
1** Axial Mode of the Mounting Plate (in phase)
5 5634 2"** Bending Mode of the Projectile
6 5634 2“̂  Bending Mode of the Projectile
7 5989 U* Radial Mode (Lower Half of the Projectile)
8 5990 1*‘ Radial Mode (Lower Half of the Projectile)
9 6632 2“  Axial Mode of the Mounting Plate
10 6855 2"“ Bending Mode of the Projectile /
1®* Bending Mode of the Mounting Plate (in phase)
11 6923 2“** Bending Mode of the Projectile /
1** Bending Mode of the Mounting Plate (in Phase)
12 7579 3*̂  Bending Mode of the Projectile /
2"** Bending Mode of the Mounting Plate (out of 
Phase)
13 7612 3"* Bending Mode of the Projectile /
2”̂  Bending Mode of the Mounting Plate (out of 
Phase)
14 7693 2“* Radial Mode (Upper Half of the Projectile)
15 7695 2““ Radial Mode (Upper Half of the Projectile)
16 8056 Torsion Mode of the Projectile
17 8682 3"* Radial Mode (Upper Half of the Projectile, 
Motion in Two Perpendicular Directions)
18 8683 3"* Radial Mode (Upper Half of the Projectile, 
Motion in Two Perpendicular Directions)
19 9356 4“  Radial Mode (Both Ends of the Projectile)
20 9362 4® Radial Mode (Both Ends of the Projectile)
21 9912 4*** Bending Mode of the Projectile
22 9913 4“* Bending Mode of the Projectile
23 10199 5“* Bending Mode of the Projectile /
3”* Bending Mode of the Mounting Plate (in Phase)
24 10214 5*** Bending Mode of the Projectile /
3"* Bending Mode of the Mounting Plate (in Phase)
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CHAPTERS
PARAMETRIC STUDY OF VARYING IC CHIP LOCATION
5.1 Mounting IC Chip’s Location
The objective of this chapter is to study the effect of varying the IC chips location. 
After the projectile leaves the gun barrel, the acceleration curves revealed the vibrations 
induced. We wanted to study the effect of varying the chips location on these vibrations. 
The origin of the coordinate system of the projectile is located at bottom center as shown 
in Figure 5.1. The center of mass is calculated from SOLIDWORKS for the projectile 
and it is found out to be at (0,8.31,0 inches) with respect to origin. The present location of 
the circuit board is 0.01 inches from the center of mass as shown in Figure 5.1. The chips 
location can be varied within a span of 1.00 inch, since the available gap between any 
edge of the chip and the center of the plate is 1.00 inch. The chips location is being 
changed in four different steps.
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" 4
Figure 5.1 Center of Mass and Origin
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5.2 Analysis Approach
Simulation of the projectile launch is done in two phases. In the first phase, the 
gun barrel is allowed to deflect due to gravity only. This analysis is conducted for 0.5 
seconds. Figure 5.2 shows the normal and deflected gun barrels. The deflection at the end 
of the gun barrel is equal to 0.287 inches according to both FEA and the deflection 
equation shown below. The boundary conditions discussed in the previous section 
indicate that the gun barrel can be treated as a cantilever beam. The deflection of a point 
along the neutral axis of its end section is,
S E I
Where,
W Linear specific weight of gun barrel cross section
L Length of gun barrel
E Young’s Modulus of gun barrel
I Moment of Inertia of gun barrel cross section
I
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Figure 5.2 Normal and Deflected Gun Barrels
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In the second phase of the analysis, the pressure curve is applied to the bottom of 
the projectile in presence of the initial conditions obtained from the first phase of the 
analysis. Gravity load continues to be active in this phase also. The duration of the 
simulation for the second phase is 0.02 seconds. As Figure 3.15 shows, the pressure is 
applied to the projectile for 0.0125 seconds. The projectile is out of the gun barrel by the 
time pressure is reduced to zero. Projectile is moved using the pressure curve through the 
deformed gun barrel. A coefficient of friction of 0.1 is assigned for the contact between 
gun and the projectile.
Data for the acceleration, velocity and displacements at five different locations is 
recorded. The five locations are node on top of the chip, bottom of the chip, node on 
circuit board below the bottom of the chip, node on the center of the circuit board, node 
on the bottom center of Nacelle respectively as shown in Figure 5.3 through 5.5.
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(a) Node on top of chip (b) Node on bottom of chip
Figure 5.3 Node on chip
(a) Node on circuit board - chip (b) Node on center of circuit board
Figure 5.4 Node on Plate
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Node on Bottom of Nacelle
Figure 5.5 Node on Nacelle
5.3 Different chip locations
The four different steps are represented as:
> Location 1
> Location 2
> Location 3
> Location 4
Figure 5.6 is a zoomed view of the IC chip location in the projectile. The four 
different models have been created and are shown in Figure 5.7. The four models are 
discussed in Table 5.1 in regard to the change of chip location. These four models have
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been analyzed using LS-Dyna. The results will show the effects of varying the chip 
location.
X*
Figure 5.6 Zoomed View of the Chip Location of the Projectile
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Location 1 Location 2
Location 3 Location 4
Figure 5.7 Numbers Showing Different Chip Locations
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Table 5.1 List of Chip Locations
Chip Location along X,Z- 
direction
Distance w r.t. Center of 
Circuit Board 
(inches)
Location 1 1
Location 2 0.5
Location 3 0.3
Location 4 0.2
5.4 Need For Filtering
Acceleration results in Table 5.2 show that the model experiences significant 
higher-order accelerations that are caused by the flexibility of the gun barrel, the 
flexibility of the mounting circuit board, the friction between the projectile and the gun 
barrel. These accelerations are significantly above what is observed in experimental 
results. Results are to be filtered to a particular frequency. After conducting experiment 
and modal analysis on the projectile we find that the entire critical mode shapes such as 
Bending, Axial, Radial and Torsion are found well below 10,000 Hz. This range also 
includes all major frequencies of the projectile. The maximum frequency range up to 
which the accelerometers used in experiment can handle is 10,000 Hz is also one of the 
reasons to pick 10,000 Hz as the cutoff mark for filtering.
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5.5 RMS Acceleration
Displacement, velocity, and acceleration are determined for all four locations. The 
maximum acceleration and root mean square acceleration are calculated for these four 
cases. The root-mean-square (RMS) [11] of a variate x, is the Square Root of the mean 
squared value of x:
R {x) — y jix  )
n
For a discrete distribution
5.5.1 Node on Projectile
The displacement, velocity and accelerations have been plotted for a node on 
bottom center of nacelle as shown in Figure 5.5. The displacement curves look similar for 
all the four locations as shown in Figure 5.8. The velocity plots look similar for all the 
four locations as shown in Figure 5.9. The nature of the curve looked similar for the four 
locations.
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Figure 5.8 Axial Displacement Versus Time for 4 Locations of Node on Projectile
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Figure 5.9 Axial Velocity Versus Time for 4 Locations of Node on Projectile
The axial acceleration plots are shown in Figure 5.10. for four locations. The 
nature of the curve looked similar for the four locations. When the projectile leaves the 
gim barrel, similar frequencies were observed. The peak values for all the locations were 
almost same. The amplitudes outputted kept decreased as projectile leaves the gun barrel. 
The axial acceleration after filtering is shown in Figure 5.11.
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Ned* on Projectil*
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 Location_2
LocationJ 
Location 4100000 -
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150000
Figure 5.10 Axial Acceleration Versus Time for 4 Locations of Node on Projectile
The post analysis of the entire model is done in Ls-Post. The type of filter we are using in 
Ls-Post is a Butterworth filter. Since this filter is frequency-based, the effect of filtering 
can be easily understood and predicted. We can also choose a cutoff frequency so that the 
frequency components higher than the cutoff frequency will be stopped, as discussed 
earlier the cutoff frequency we are using is 10,000Hz.The number of points taken for 
average in filtering of our acceleration curves is 9.The level of noise decreases as we 
increase the number of points for average, hence the maximum value is chosen for point 
average.
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Figure 5.11 Axial Acceleration Versus Time for 4 Locations of Node on Projectile
After Filtering
The Resultant acceleration plots are shown in Figure 5.12 & Figure 5.13 for four 
locations. The nature of the curve looked similar for the four locations. When the 
projectile leaves the gun barrel, similar frequencies were observed. The peak values for 
all the locations kept decreasing as the projectile leaves the gun barrel. The resultant 
acceleration plots after filtering are shown in Figure 5.13.
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Figure 5.12 RSLT Acceleration Versus Time for 4 Locations for Node on Projectile
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Figure 5.13 RSLT Acceleration Versus Time for 4 Locations for Node on Projectile After
Filtering
Tables 5.2 and 5.3 shows the IC chip location with respect to center of circuit 
board. The center of circuit board is referred as the origin. The maximum displacement, 
velocity values are listed for all four locations. The maximum values of the axial and 
resultant acceleration are also being listed which will help in finding the ideal location for 
the IC chips.
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Table 5.2 Summary of Results without Filtering
Node on Projectile Location 1 Location 2 Location 3 Location 4
Chip Location WRT 
Center of Circuit 
Board (in)
1 0.5 0.3 0.2
Max Displacement 
(in)
463 463 463 463
Max Velocity 
(in/sec)
35175 35171 35186 35197
Max Axial 
Acceleration (g’s)
102122 104972 100701 102006
Max RSLT 
Acceleration (g’s)
129565 118921 140439 140274
Table 5.3 Summary of Results After Filtering
Max Axial 
Acceleration Filter 
(K's)
21367 19857 20456 20361
Max RSLT 
Acceleration Filter 
(g’s)
21418 19898 20589 20368
5.5.2 Node on Chip Above
The displacement, velocity and accelerations have been plotted for a node on chip 
above as shown in Figure 5.3 (a). The displacement curves look similar for all the four 
locations as shown in Figure 5.14. The velocity plots look similar for all the four 
locations as shown in Figure 5.15. The nature of the curve looked similar for the four 
locations.
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Figure 5.14 Axial Displacement Versus Time for Four Locations of Node on Chip Above
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Figure 5.15 Axial Velocity Versus Time for Four Locations of Node on Chip Above
The axial acceleration plots are shown in Figure 5.16 and Figure 5.17 for four 
locations. The nature of the curves looked similar for the four locations. When the 
projectile leaves the gun barrel, similar frequencies were observed. The peak 
accelerations varied from location 1 to location 4. Axial accelerations for the four 
locations after filtering is shown in Figure 5.17.
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Figure 5.16 Axial Acceleration Versus Time for 4 Locations of Node on Chip Above
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Figure 5.17 Axial Acceleration Versus Time for 4 Locations of Node on Chip Above
After Filtering
The Resultant acceleration plots are shown in Figure 5.18 and Figure 5.19 for four 
locations. The nature of the curve looked similar for the four locations. When the 
projectile leaves the gun barrel, similar frequencies were observed. The peak values for 
all the locations kept decreasing as the projectile leaves the gun barrel.Resultant 
acceleration plots for four locations after filtering are shown in Figure 5.19.
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Figure 5.18 Resultant Acceleration Versus Time for 4 Locations for Node on Chip Above
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Figure 5.19 RSLT Acceleration Versus Time for 4 Locations for Node on Chip Above
After Filtering
Tables 5.4 and 5.5 shows the IC chip location with respect to center of circuit 
board. The center of circuit board is referred as the origin. The maximum displacement, 
velocity values are listed for all four locations. The maximum and RMS values of the 
axial and resultant acceleration are also being listed which will help in finding the ideal 
location for the IC chips.
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Table 5.4 Summary of Results without Filtering
Node on Chip Above Location 1 Location 2 Location 3 Location 4
Chip Location WRT 
Center of Circuit 
Board (in)
1 0.5 0.3 0.2
Max Displacement 
(in)
463 463 463 463
Max Velocity 
(in/sec)
35304 35375 35515 35481
Max Axial 
Acceleration (g’s)
45470 48494 41131 51553
Max RSLT 
Acceleration (g’s)
46069 62212 45780 54723
Table 5.5 Summary of Results After Filtering
Max Axial 
Acceleration Filter
20622 22031 26201 30973
Max RSLT 
Acceleration Filter 
(g’s)
20694 27730 28089 31480
5.5.3 Node on Chip Below
The displacement, velocity and accelerations have been plotted for a node on chip 
above as shown in Figure 5.3 (b). The displacement curves look similar for all the four 
locations as shown in Figure 5.20. The velocity plots look similar for all the four 
locations as shown in Figure 5.21. The nature of the curve looked similar for the four 
locations.
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Figure 5.20 Axial Displacement Versus Time for Four Locations of Node on Chip Below
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Figure 5.21 Axial Velocity Versus Time for Four Locations of Node on Chip Below
The axial acceleration plots are shown in Figure 5.22 and Figure 5.23 for four 
locations. The nature of the curves looked similar for the four locations. When the 
projectile leaves the gun barrel, similar frequencies were observed. The peak 
accelerations varied from location 1 to location 4. Axial accelerations for the four 
locations after filtering is shown in Figure 5.23.
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Figure 5.22 Axial Acceleration Versus Time for 4 Locations of Node on Chip Below
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Figure 5.23 Axial Acceleration Versus Time for 4 Locations of Node on Chip Below
After Filtering
The Resultant acceleration plots are shown in Figure 5.24 and Figure 5.25 for four 
locations. The nature of the curve looked similar for the four locations. When the 
projectile leaves the gun barrel, similar frequencies were observed. The peak values for 
all the locations kept decreasing as the projectile leaves the gun barrel. Resultant 
acceleration plots for four locations after filtering are shown in Figure 5.25.
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Figure 5.24 Resultant Acceleration Versus Time for 4 Locations for Node on Chip Below
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Figure 5.25 RSLT Acceleration Versus Time for 4 Locations for Node on Chip Below
After Filtering
Tables 5.6 and 5.7 show the IC chip location with respect to center of circuit 
board. The center of circuit board is referred as the origin. The maximum displacement, 
velocity values are listed for all four locations. The maximum and RMS values of the 
axial and resultant acceleration are also being listed which will help in finding the ideal 
location for the IC chips.
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Table 5.6 Summary of Results without Filtering
Node on Chip Below Location 1 Location 2 Location 3 Location 4
Chip Location WRT 
Center of Circuit 
Board (in)
1 0.5 0.3 0.2
Max Displacement 
(in)
463 463 463 463
Max Velocity 
(in/sec)
35279 35379 35461 35499
Max Axial 
Acceleration (g’s)
31964 41102 40712 48724
Max RSLT 
Acceleration (g’s)
33312 44355 41277 51212
Table 5.7 Summary of Results After Filtering
Max Axial 
Acceleration Filter 
(g's)
19743 24822 26745 31703
Max RSLT 
Acceleration Filter 
(S's)
19773 27576 27377 32707
5.5.4 Node on Above Circuit Board Below Chip
The displacement, velocity and accelerations have been plotted for a node on 
above circuit board below chip as shown in Figure 5.4 (a). The displacement curves look 
similar for all the four locations as shown in Figure 5.26. The velocity plots look similar 
for all the four locations as shown in Figure 5.27. The nature of the curve looked similar 
for the four locations.
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Figure 5.26 Axial Displacement Versus Time for Four Locations of Node on Above Plate
Below Chip
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Figure 5.27 Axial Velocity Versus Time for Four Locations of Node on Above Plate
Below Chip
The axial acceleration plots are shown in Figure 5.28 and Figure 5.29 for four 
locations. The nature of the curves looked similar for the four locations. When the 
projectile leaves the gun barrel, similar frequencies were observed. The peak 
accelerations varied from location 1 to location 4. Axial accelerations for the four
locations after filtering is shown in Figure 5.29.
135
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Nod* en Abev* Circuit Beard Below Chip
80000
60000
40000
3
I
20000
20000 -
40000
«0000
Location
Location
Location
Location
Tim* (n<4
Figure 5.28 Axial Acceleration Versus Time for 4 Locations of Node on Above Circuit
Board Below Chip
136
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
40000
20000
Ned* en  Abev* Circuit Beard Belew Chlp-Fllter
Location
Ljtcatlon
Location
Location
20000
 J ' i l0M4I1 9.10e«lif%.S.04E4I1 5.06E4I1 S
Tima (tet^
Figure 5.29 Axial Acceleration Versus Time for 4 Locations of Node on Above Circuit
Board Below Chip After Filtering
The Resultant acceleration plots are shown in Figure 5.30 and Figure 5.31 for four 
locations. The nature of the curve looked similar for the four locations. When the 
projectile leaves the gun barrel, similar frequencies were observed. The peak values for 
all the locations kept decreasing as the projectile leaves the gun barrel. Resultant 
acceleration plots for four locations after filtering are shown in Figure 5.31.
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Figure 5.30 Resultant Acceleration Versus Time for 4 Locations for Node on Above
Circuit Board Below Chip
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Figure 5.31 RSLT Acceleration Versus Time for 4 Locations for Node on Above Circuit
Board Below Chip After Filtering
Tables 5.8 and 5.9 shows the IC chip location with respect to center of circuit 
board. The center of circuit board is referred as the origin. The maximum displacement, 
velocity values are listed for all four locations. The maximum and RMS values of the 
axial and resultant acceleration are also being listed which will help in finding the ideal 
location for the IC chips.
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Table 5.8 Summary of Results without Filtering
Node on Above 
Circuit Board Below 
Chip
Location 1 Location 2 Location 3 Location 4
Chip Location WRT 
Center of Circuit 
Board (in)
1 0.5 0.3 0.2
Max Displacement 
(in)
463 463 463 463
Max Velocity 
(in/sec)
35306 35407 35473 35521
Max Axial 
Acceleration (g’s)
37422 54759 46040 59922
Max RSLT 
Acceleration (g’s)
40900 58761 46557 64166
Table 5.9 Summary of Results After Filtering
Max Axial 
Acceleration Filter 
(g 's)
22385 28578 27291 32904
Max RSLT 
Acceleration Filter 
(g’s)
22608 31456 28022 34703
5.5.5 Node on Center of Circuit Board
The displacement, velocity and accelerations have been plotted for a node on 
above circuit board below chip as shown in Figure 5.4 (b). The displacement curves look 
similar for all four locations as shown in Figure 5.32. The velocity plots look similar for 
all four locations as shown in Figure 5.33. The nature of the curve looked similar for the 
four locations.
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Figure 5.32 Axial Displacement Versus Time for Four Locations of Node on Center of
Circuit Board
141
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Node on Center of Circuit Board
—  Location_1
—  Loca0on_2
35000 Location_3
Locatlon_4
30000
25000 /
j /
% 20000 t . /
1 /
15000 /
10000 - /
/
/
5000
/
......... , 1 ■ 1 ........................ ,  j
SOOE-01 5.02E-01 5JME4I1 506E4)1 5.08E411 5.10E-01 5.12E-01 5.14E-01 5.18E411 5.18E01 5J0E4I1
Time (sac)
Figure 5.33 Axial Velocity Versus Time for Four Locations of Node on Center of Circuit
Board
The axial acceleration plots are shown in Figure 5.34 and Figure 5.35 for four 
locations. The nature of the curves looked similar for the four locations. When the 
projectile leaves the gun barrel, similar frequencies were observed. The peak 
accelerations varied from location 1 to location 4. Axial accelerations for the four 
locations after filtering is shown in Figure 5.35.
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Figure 5.34 Axial Acceleration Versus Time for 4 Locations of Node on Center Circuit
Board Below Chip
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Figure 5.35 Axial Acceleration Versus Time for 4 Locations of Node on Center of Circuit
Board After Filtering
The Resultant acceleration plots are shown in Figure 5.36 and Figure 5.37 for four 
locations. The nature of the curve looked similar for the four locations. When the 
projectile leaves the gun barrel, similar frequencies were observed. The peak values for 
all the locations kept decreasing as the projectile leaves the gun barrel. Resultant 
acceleration plots for four locations after filtering are shown in Figure 5.37.
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Figure 5.36 Resultant Acceleration Versus Time for 4 Locations for Node on Center of
Circuit Board
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Figure 5.37 RSLT Acceleration Versus Time for 4 Locations for Node on Center of
Circuit Board After Filtering
Tables 5.10 and 5.11 shows the IC chip location with respect to center of circuit 
board. The center of circuit board is referred as the origin. The maximum displacement, 
velocity values are listed for all four locations. The maximum and RMS values of the 
axial and resultant acceleration are also being listed which will help in finding the ideal 
location for the IC chips.
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Table 5.10 Summary of Results without Filtering
Node on Center of 
Circuit Board
Location 1 Location 2 Location 3 Location 4
Chip Location 
WRT Center of 
Circuit Board (in)
I 0.5 0.3 0.2
Max Displacement 
(in)
463 463 463 463
Max Velocity 
(in/sec)
35708 35710 35629 35588
Max Axial 
Acceleration (g’s)
283618 276268 302717 246354
Max RSLT 
Acceleration (g’s)
328529 379533 344683 433387
Table 5.11 Summary of Results After Filtering
Max Axial 
Acceleration Filter 
(g's)
44745 21684 21497 22795
Max RSLT 
Acceleration Filter 
(g’s)
44949 21820 21559 23333
Table 5.12 VonMises Stresses on IC Chip and FR-4 Circuit Board
Maximum 
VonMises Stresses 
(psi)
Location 1 Location 2 Location 3 Location 4
Integrated Circuit 
Chip (psi)
2.476E-F05 2.863E-H05 3.18E-F05 5.491E4-05
FR-4 Circuit board 
(psi)
9.72E+04 1.I9E-F05 I.50E4-05 L89E+05
The failure stress for IC chip is 4.35E+04 psi as shown in Table 2.3, where as the stresses 
attained in all the locations as shown in the Table 5.11 is more than the failure stress, 
hence the IC chips fail for the given dimensions. The failure stress for the circuit board is 
10.30E+04 psi as shown in Table 2.4. The stress obtained in location 1 is lower than the
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failure stress but stresses in location 2 through location 4 are higher than the failure stress 
value. Hence the present model of circuit board passes only for location 1 and need to be 
changed for other locations. The failure stresses for both IC chips and circuit board are 
static because both of these models are not made of single material and the stresses in 
circuit board are different as mentioned in section 2.3.4 and the strain rates may also 
vary, since the actual IC chips and circuit board are more complex than solid rectangle 
and circular models. Since these are uncertain values more study should be done in the 
effective stresses of both IC chips and circuit board models.
5.6 Results
• The peak axial accelerations and resultant accelerations of node on chip above are 
increasing from Location 1 through Location 4.
• The peak axial accelerations and resultant accelerations of node on chip below are 
increasing from Location 1 through Location 4.
• Similarly the peak axial accelerations and resultant accelerations of node on chip 
above below chip are also increasing from Location 1 through Location 4.
• The peak values of axial accelerations and resultant accelerations for node on 
center of the circuit are almost same except for the Location 1.
• The peak values of resultant and axial accelerations are almost same for the node 
on the bottom center of the projectile in all the locations.
• The nature of the curves for displacement, velocity and accelerations are similar 
in all locations.
• The amplitudes of the plots remained same for the node on above chip, node 
below chip and node on above circuit board below chip.
148
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
• VonMises stresses for IC Chips as shown in Table 5.11 are increasing from 
location 1 through location 4 and these values are higher than the failure stress of 
chip material.
• The effective VonMises stresses for Circuit Board are also increasing form 
location 1 through location 4.
• The failure stress of circuit board is higher than the maximum effective stress 
obtained for only location 1 and it is lower in all other locations.
• To withstand these effective stresses the dimensions of present model of circuit 
board and IC chips should be changed.
• Location 1 yielded lower values for the peak axial and resultant accelerations for 
all locations.
•  From the above results it can be concluded that location 1 is the ideal position for 
the location of chips on the circuit board, because it is producing the minimal 
vibrations.
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CHAPTER 6
CONCLUSION AND FUTURE WORK
6.1 Summary of Work done
A simplified projectile model, consisting of all parts present in the original model 
is modeled to avoid complexity during finite element analysis. The natural frequencies of 
the ARDEC projectile are determined by using both experimental and modal analysis. 
Displacement, velocity and acceleration curves for both circuit board and IC chips are 
plotted to determine the shock transmission.
6.2 Conclusions drawn from FEA and Experimental results
• The results obtained from modal analysis of the projectile are similar to 
experimental results.
• The filtering range to be applied for removing the numerical noise produced in the 
acceleration plots is 10,000 Hz.
• The shape and nature of the curves of displacement, velocity and accelerations of 
nodes on circuit board and IC chips are similar.
• The vibrations produced after the projectile leaves the gun barrel were well below 
than the vibrations produced before it leaves gun barrel.
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6.3 Future Works
• The projectile model used in both Finite Element and Modal analyses are different 
from each other in the present project. In order to compare the results both models 
should match with each other, hence the projectile model used for experimental, 
modal analysis and finite element analysis should be same.
• Fast Fourier Transformation (FFT) of the pressure curve applied to the base of the 
projectile is to be done to find out the corresponding frequencies.
• The mesh model of the Circuit board used in the simplified model of the projectile 
should be much refined.
•  Contact area between IC chips and Circuit board should exactly match with each 
other to increase the contact stability, which in turn decreases the vibrations 
attained.
• Experimental verification of the projectile shooting form the gun barrel is to be 
done to check various factors.
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APPENDIX
TUTORIAL ON MODAL ANALYSIS OF A FOUR LEGGED SQUARE TOP TABLE
WITHIN ANSYS WORKBENCH
The basic objective of this tutorial is to explain how to find the natural 
frequencies of a given object by using ANSYS Workbench software. Modeling of parts is 
done in many of the Computer Aided Designing software such as SOLIDWORKS, 
Pro/Engineer, CATIA, and AUTOCAD. These models are imported in to other softwares 
for analysis such as ANSYS, ANSYS Workbench, and HYPERMESH etc.
The model used in the present tutorial is a four-legged table with a square top as 
shown in Figure 1. All the four legs are welded to the four comers of the square top as 
shown. The table has a square top of area 24*24 in  ̂ and four legs of length 36 inches 
each. The table is modeled in SOLIDWORKS and is imported into ANSYS Workbench 
for analysis.
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Figure 1 SOLIDWORKS model of Table
Importing the geometry file
Steps involved in importing geometry:
1. Open ANSYS Workbench.
2. Define the name of the project and create the working directory.
3. Click on Open the project page.
All the three steps are shown in Figure 2.
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Figure 2 ANSYS Workbench page to import CAD figures.
After creating the name of the project and directory, the geometry file has to be 
imported into this software using the following steps.
4. Click on Browse for geometry files...
5. Select the geometry file from the Drop down list and Enter
6. Click on Create a new simulation
154
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Above steps are shown in Figures 3 and 4.
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Figure 3 ANSYS Workbench page-showing steps 4 & 5.
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Figure 4 ANSYS Workbench page showing step 6
Once Step 6 is done a screen with the required geometry file is obtained as shown in 
Figure 5.
2 Meshing the model.
Step 7: Pick the mesh button in the upper left tree view window; it highlights a tab in 
the lower left comer saying “Details of Mesh”. Pick “Global Control” and then 
change from “Basic” to “Advanced”, under “Shape Checking” change “Standard” to 
“Aggressive”. These changes are done to increase the quality of the meshing criteria 
and to generate elements that are more acceptable.
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Figure 5 ANSYS Workbench page after changing Mesh Details
To mesh the model go back to the tab Mesh at the top left comer and right click 
on it and pick “Insert” and pick “Sizing” from it. Go back down to details window 
and click on geometry (under scope). Select the geometry faces to assign a mesh size 
and then hit “Apply”. Use CTRL key to select multiple faces. Repeat the above step 
as needed to apply element sizes to sets of faces. Omit the above step if default 
element size is needed.
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Figure 6 Sizing of elements in step 7
Step 8: Repeat the Step 7 by picking up the “Element Shape” instead of 
“Sizing” in the top left menu. After selecting all the bodies click on “Element Shape” 
in the “Details Menu” and hit “Apply” beside the “geometry” button present in the 
down left comer.
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Figure 7 page showing the element shape for the selected body
Go back to Mesh Button and on the top right comer and right click, then pick 
“Preview Mesh”. This will mesh the geometry and plot the elements on the screen. 
The meshed figure is shown in the figure 8.
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Figure 8 Meshed model of the geometry.
3 Checking the Contacts
Workbench has number of features that are automatically invoked while meshing, 
one is that it will “pinch out” small slivers and edges that are not meaningful. If the 
model has two or more adjacent solids that touch each other. Workbench will 
automatically detect that they are close and will generate bonded contact elements that tie 
them together. It also carefully meshes the adjacent faces with the same mesh densities, 
which is important for getting good results when using bonded contact elements. Contact 
regions in the model are shown in Figures 9,10,11 and 12.
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Figure 9 ANSYS Workbench page showing the first contact region.
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Figure 11 Model showing Contact Region 3
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Figure 12 Model showing Contact Region 4
3 Defining the Boundary Conditions
As we are interested in modal analysis of the current model, it can displace on the 
ground but it should not be separated from the ground. Therefore the faces of the legs 
touching the ground should be fixed in “y” direction and “X, Z” is free to move. To 
constrain the faces right click on “Environment” pick “Insert” and then pick “Given 
Displacement” from it. Select all the faces required to fix or to be displaced and enter the 
values of displacement in the boxes beside the three axial coordinate directions.
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Figure 13 Model showing the selected faces without displacement in Y direction
4 Selecting the Analysis Type
After defining the constraints it is the time to select the type of analysis to work 
with. Since we are interested in finding out the natural frequencies of the model pick the 
“Frequency Branch” in the “General Simulation” from the “Simulations Template” 
present in the right comer of the workspace. Selecting the “Frequency Branch” wizard 
the following page is displaced. Before solving the model we need to define the material
165
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
properties to that model, this is done by selecting the tab “Verify Materials” present in the 
right comer of the page. To define the material of interest click on the drop down list 
beside the material tab at the lower left comer of the workbench page from which we can 
browse the material needed. Materials present in the ANSYS Workbench are shown in 
Figure 14.
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Figure 14 Selection of material for the model.
To assign mechanical properties to the materials by using Workbench.Click on the 
material assigned to the parts displaced in the model tree present on the upper right
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comer of the workpage, where one can use the default values or can enter the desired 
values. The material properties page is displaced in the Figure 15.
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Figure 15 Mechanical Properties of Stainless Steel assigned to the model.
Once the model is assigned with the mechanical properties it is ready for the 
solution. Workbench has maximum of 200 mode shapes, each mode shape represents the
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natural frequency of the model. In this example the first 3 mode shapes are considered as 
the rigid body motions so the natural frequency of the model is counted from the 4**̂ 
mode shape.
To solve the model select the “Frequency Finder” present in the model tree and 
enter the number of the mode shapes required beside “Max Modes to find”. Then hit 
“solve” button on the main menu. The work page while analysis is running is shown in 
Figure 16.
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Figure 16 Modal Analysis of Table on Run.
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Figure 17 First natural frequency of the table.
The above figure shows the first natural frequency, which is the fourth frequency mode in 
range since first three frequency modes are considered as the rigid body motions. Blue 
color spot in the above figure denotes the minimum deformation similarly the red color 
shows the maximum deformation of the legs. The nature of the mode obtained in the first 
natural frequency is bending mode of its legs. Similarly different frequency ranges have 
different mode shapes. Thus ANSYS Workbench is helpful in finding out the natural 
frequencies and also mode shapes of a given body.
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